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5^ . Abstract 

We consider the inflationary scenario with non-minimal coupling in 4D Jordan frame 

cn ' supergravity. We find that there occurs a tachyonic instability along the direction 

^ , of the accompanying non-inflaton field in generic Jordan frame supergravity models. 

^f^ \ We propose a higher order correction to the Jordan frame function for solving the 

t^^ ■ tachyonic mass problem and show that the necessary correction can be naturally 

^^ . generated by the heavy thresholds without spoiling the slow-roll conditions. We 

|0 \ discuss the implication of the result on the Higgs inflation in NMSSM. 

o 



1 Introduction 

Cosmic inflation [T] has been a paradigm beyond the Standard Big Bang Cosmology in 
which flatness, isotropy, homogeneity, horizon and relic problems are explained and solved. 
The inflaton generates scale-invariant and Gaussian spectrum of density fluctuations. Fur- 
thermore, quantum fluctuations during inflation provides a seed for the large-scale structure 
formation as we see now. 

An economical proposal to utilize the Higgs doublet in the Standard Model(SM) as the 
inflaton has recently drawn some attention |2j. This is the so called Higgs inflation. In 
this scenario, the chaotic inflation can be realized due to a large non-minimal coupling of 
the Higgs doublet to gravity [3], instead of having a tiny Higgs quartic coupling, which 
is contradictory with the Higgs mass bound. However, some time after the proposal, it 
has been shown by power counting formalism that the Hubble scale during inflation is 
proximate to the unitarity bound on the new physics scale associated with the breakdown 
of the semi-classical approximation in the effective theory P]. This result is independent 
of the frames and the backgrounds that the power counting is applied to ^ . Nonetheless, 
a singlet field with non-minimal coupling could be a viable inflaton candidate for a small 
singlet quartic self-coupling for which the Hubble scale can be smaller than the unitarity 
bound. 

Weak-scale supersymmetry [6j is a solution to the hierarchy problem in the SM and has 
been one of main topics in the search for new physics at the Large Hadron Collider (LHC). 
In the Minimal Supersymmetric Standard Model(MSSM), there are two Higgs doublets 
and the Higgs quartic couphng is given in terms of the electroweak gauge couphngs. Then, 
one may ask whether SUSY can help address the naturalness issue of the Higgs inflation in 
the context of the MSSM. However, apart from the unitarity problem in the Higgs inflation, 
it has been shown that in the MSSM, the Higgs inflation cannot be realized due to the 
instability along the /3 field which is the ratio of two Higgs VEVs [7] . 

On the other hand, in the Next-to- Minimal Supersymmetric Standard Model(NMSSM) 
[H] , an additional Higgs self-coupling can be introduced by the superpotential term coupling 
the Higgs doublets to a singlet chiral superfield and it can provide the vacuum energy 
needed for inflation [7J. Since this new Higgs self-coupling can be made small without 
violating the LEP bound on the Higgs mass, there is a possibility for the Higgs inflation to 
work within the semi-classical approximation. However, even in this case, the singlet field, 
which would be a non-inflaton field, gets a tachyonic mass during inflation and would spoil 
the slow- roll inflation of the Higgs fields |9] . 

In this paper, we revisit the tachyonic mass problem in the NMSSM in 4D Jordan frame 
supergravity [9]. For this purpose, we consider a simple toy model with two singlet chiral 
superfield^ to capture the main difficulty of the inflation with non-minimal coupling in 
supergravity and provide a solution to the problem. Thus, we introduce two singlet fields: 
one singlet field becomes the inflaton and the other singlet field provides a nonzero F-term 
potential through the coupling to the inflaton field. Then, we find that there appears 



"'^The single field inflation with non- minimal coupling cannot be realized in supergravity. 



a tachyonic instability along the non-inflaton singlet for the minimal form of the frame 
function due to the negative supergravity mass correction. 

As a solution to the tachyonic mass problem, we add a higher order correction for 
the non-inflaton field in the frame function. In this case, for an appropriate value of the 
coefficient of the new term, we show that it is possible to make the non-infiaton singlet 
field get a positive squared mass and stable during infiation while the infiaton dynamics 
is unchanged. We give an example where heavy fields coupled only to the non-infiaton 
field generates such a higher order correction with necessary coefficient in the one-loop 
effective frame function. Our result can be applied directly to the Higgs infiation with 
zero D-term in the NMSSM. For a successful Higgs infiation in the NMSSM, the Higgs 
parameters in the NMSSM are constrained for the necessary infiationary parameters. In 
particular, the non-minimal Higgs coupling gives rise to the effective /i term by Giudice- 
Masiero mechanism [10]. As a result, for a large non- minimal coupling, gravitino mass is 
much smaller than the effective /z term which is of order the soft mass parameters. Thus, 
gravitino can be LSP and become a dark matter candidate. 

The paper is organized as follows. We first explain a general framework for 4D Jordan 
frame supergravity where non-minimal couplings for scalar fields are suitably introduced. 
Then we take a minimal infiationary model with two singlet chiral superfields and point 
out the tachyonic mass problem. Consequently, we propose a solution to the tachyonic 
instability problem and find a necessary condition for satisfying the slow-roll infiation and 
the unitarity bound on the heavy field mass. Next we discuss the implication of the Higgs 
infiation on the NMSSM phenomenology in the later section. Finally, a conclusion is drawn. 
There are two appendices dealing with the Kahler metric in Jordan frame supergravity and 
containing an example where the one-loop correction to the frame function is calculated in 
the presence of heavy fields. 

2 Jordan frame supergravity 

We start with the general Einstein- frame action in 4D M = 1 supergravity |llj . 

Se = j d'x,/^i^{^-R - KgD,<pW^^^ - Ve 

where the covariant derivatives for scalar fields 0* are given by -0/^0* = 9^0* — A'tvi\- 
Here the Einstein-frame scalar potential is given in terms of the Kahler potential K, the 
superpotential W and the gauge kinetic function fab by 



where 



Ve = Vf + Vd (2) 

Vf = e^UK-Y^{DiW){DjW^)-3\W\^\ (3) 

Vd = ^Ref-,'(^-ivldiK + 3tra)(^~tv'AK + 3tn^ (4) 
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with G = K + \n\W\'^ and the gauge transformations of the Kahler potential and the 
superpotential being 6aK = 3{ra + fa) and 6aW = —SvaW, respectively. We note that r^ 
is nonzero only for the gauged f/(l)_R symmetry for which the superpotential transforms 
with tr = -ligR. 

Performing a Weyl transformation of the metric with g^^^ = {—Q/3)g'^j^, we obtain the 
general Jordan-frame supergravity action from the above Einstein-frame action as follows, 

Sj = j rf'xv/=^( - ^nn - l^(d,n)id''n) + hiK,^D,<p'D^^^ - Vj) (5) 

where the Jordan-frame scalar potential is related to the Einstein-frame one as 

Vj = y V^. (6) 

The complete Jordan-frame supergravity action including fermions and gauge bosons can 
be found in Ref. [9]. Now specifying the frame function Q to the Kahler potential as 

Q = -3M2e-^/(3*^^), (7) 

we simplify the Jordan-frame action [9j as 

Sj = j d^x^^ji^ - hlR - Qr,D,(P'Dy^ + Qbl - K/) (8) 

where the auxiliary vector field 6^ gets the following form, 

b, = \iAl{r^ - ^") - ^ (^,0^5,fi - D.^dfl) . (9) 

Therefore, the kinetic terms for scalar fields depend on the analogue of the Kahler metric 
with Q playing a role of K. However, the geometry of the non-linear sigma model of scalar 
is not of the Kahler type because of the additional term proportional to 6^. 

In order to get the canonical scalar kinetic terms in the Jordan frame, we need Qij = Sfj 
and 6^ = 0. The most general frame function for giving Vlq = dfj is the following ^, 

n = -3M|. + 6ij(P'^ - ^(F(0) + h.c). (10) 



Then, from the relation (JTj), the corresponding Kahler potential takes the following form. 



K = -3M|ln (l - ^Sf,<P'f' + ^(F(0) + h.c.)). (11) 



Even with this choice of the frame function, we note that the auxiliary vector field b^ 
is nonzero due to the angular modes of complex scalar fields. During the cosmological 
evolution, however, when only the moduli |0*| dominate the dynamics, the scalar kinetic 
terms can be of canonical form. When F = 0, the non-minimal coupling of the scalar 



fields are fixed as £ = —^—g 'Ylii^i\'Pi\^-^ with ^j = ^ so the scalar fields are conformally 
coupled to gravity. However, by choosing an appropriate holomorphic function F, we can 
break the conformal symmetry explicitly and include the nontrivial non-minimal coupling 
to gravity. Thus, it is possible to get a supergravity realization of the inflation model with 
non-minimal coupling. Henceforth we set the Planck scale to M]:, = 1 but we will recover 
Mp whenever needed. 



3 The tachyonic mass problem in Jordan-frame su- 
pergravity inflation 

We consider an inflation model with two singlets S and X in the Jordan frame supergravity. 
For the canonical scalar kinetic terms with two singlets, the general frame function in the 
Jordan frame is 

Q = -S + S^S + X^X - ^{F{S, X) + h.c). (12) 

Now we choose a non-minimal coupling to be F = xS*^ with ^ being a dimensionless 
constant. Then, the Kahler potential becomes 

ir = -3 In (l - ^-S^S - ixtX + i(x^2 ^ 1^^^ )^ (13) 

Moreover, by imposing a U{1)g global symmetrjo with charges, G[X] = —2 and G[S] = +1, 
we find the following unique superpotential at the renormalizable level, 

W = ^AX^l (14) 

where A is a dimensionless coupling. The first attempt for the single field inflation with W = 
l^S^ was unsuccessful due to the negative vacuum energy coming from the supergravity 
correction |7]. This is in a similar spirit to the general problem in supergravity chaotic 
inflation models with a single field [12j. We note that the U{1)g global symmetry is broken 
explicitly in the Kahler potential only by the non-minimal coupling. 

With no gauged U{l)ji symmetry, the scalar potential for the singlets comes only from 
the F-terms and it is given in the Jordan frame by using eq. ([6]) with eq. ([2]), 



Vj = {1-k)-' 



ir^^'lDsW^P + ir^^'lDxW^I' 



+ {K^^\DsW){DxWy + h.c.) - 3\W\^] (15) 



^The R-symmetry only does not restrict the superpotential to the form considered in this paper, rather 
also allowing for a tadpole term W — f^X, which would affect the slow-roll inflation unless |/| ^ /il'S'l- 
We allow only for the dimensionless coupling by imposing the non-R U{1)g symmetry, which is the analogue 
of PQ symmetry in the NMSSM. 



where k = \\S\^ + i|X|2 - ^{xS^ + h.c.) and 
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(16) 
(17) 



By using the Kahler metric with 7 = given in eqs. flA.4p and flA.Sp . the Jordan-frame 
scalar potential becomes 



Vj 



l-fco + i|5t-3x5|^ 



„ 1 - k + \\S^ - 3xS\^ , „ 

' '^ ^ l-ko + l\S^-3xS\^^ "" ' 

-X\S - 3x^S^){DsW){DxWy + h.c. 



1 - ko + l\S^ - 3xS\^ 3 
-3{l-ky^\W\^ (18) 

with ko = ll'S'l^ — |(X'S'^ + h.c). For |X| ^ 1 and xl'S'P ^ 1, we obtain the Jordan-frame 
scalar potential as 



1 IX|2 

4' ' ' ' 6x 



Al 



^ X 



(19) 



Thus, the Jordan-frame scalar potential is unstable in the direction of the real part of the 
S singlet. Consequently, from eq. (jS]), with S = |5'|e*^, the Einstein-frame scalar potential 
is 



Ve = (1-A;)-Vj 

4x2cos2(2^)r xl'5Pcos2^ ' 3Vcos20 



2M|, 



^'.(-' 



2 cos 2^ 



IXI 



Xl^l^ 



(20) 



Thus, we find that the F-term contribution of the X singlet approaches a positive constant 
for xl'S'P ^ 1 while the other terms are suppressed so there appears a vacuum energy 
required for the inflation. Here we have recovered the Planck scale, Mp. 

Then, minimizing the potential for the angle at ^ ~ from the flrst term in Eq. (1201) . 
the scalar potential becomes 



Vk 



lApMl, 



4X^ 



2M|. 



21X1 



x\s\' sxl^pj- 



(21) 



Therefore, the slow-roll inflation along the 5* singlet is possible for x\S\'^ ^ 1 so the Hubble 
scale during the inflation is given by H^ 

frame, we get a tachyonic effective mass of the X singlet, ending up with the instability of 
this singlet direction. 



Ve 
3MJ 



~ ' o-^ . However, even in the Einstein 



On the other hand, the kinetic terms for the singlets in the Einstein frame are given by 

£Hn - -'-^\d,S\^ - ^I^M^I' - {^9,Sd^X^ + h.c.). (22) 

Then, at the minimum with ~ 0, in terms of the canonical inflaton field, we obtain the 
Lagrangian density as 



C 



ip,X 



2 v6Mp 



2a#4 






1 _ 2e-2¥'/(v^*^^) _ _g-2<p/(v^Afp) 



IX 
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(23) 



with (f = ^Mpln(x|5'p/Mp). Consequently, we find that in the canonical field basis, the 
X singlet has a tachyonic effective mass of order the Hubble scalqj 

iapm^ 

m^ ~ K^'^'WE.xxi - -^TT^ - -2^'- (24) 

Therefore, the X singlet would roll down fast into a minimum of the full scalar potential, 
dominating the scalar field dynamics and spoiling the slow-roll inflation along the S singlet. 
This problem seems generic for the canonical scalar kinetic terms in the Jordan frame 
supergravitjQ. 

4 A solution to the tachyonic mass problem 

In this section, we propose a simple solution to the tachyonic mass problem encountered 
in the inflation model of Jordan frame supergravity. For this, we introduce a higher order 
correction with the X singlet to the frame function as follows, 

AQ = -7(XtX)2 (25) 

Af2 

where 7 = Cjp with c being a dimensionless parameter and M being the mass of heavy 
fields that are integrated out. Here we expressed the coefficient 7 as being dimensionless 
in units of Mp = 1. In the presence of the higher order correction fl25l) . the Jordan-frame 
kinetic term for the X singlet becomes non-canonical. However, we keep the Jordan-frame 



■^For the approximate dS background with a slow-roning (p, and \X\ ^ 1, the equation of motion for 
X is X + 3HX ~ —m^X. So, for mj^ ~ ~2H^, the smah perturbation of the X singlet would grow 



exponentially as X oc exp((V 17 — 3)Ht/2) during inflation. Since the time scale of exponential growth is 
tx — ^^ so it would make the slow-roll inflation with 60 efoldings impossible. I would like to thank M. 
Giovannini for pointing this out. 

One can compare this case to the generalized chaotic inflation for the minimal Kahler potential and 
the superpotential W — XS" with n being a natural number in Refs. [T^[T3] where the accompanying 
singlet has a vanishing mass at the origin. 



kinetic term for the S singlet to be canonical. In this case, the additional non-canonical 
kinetic terms coming from b^ in eq. (|9]) still vanish for the frozen angular modes. 

Generically, however, both {X^X){S'^S) and (S^S)^ terms could be also generated after 
the heavy fields are integrated out. The {X'^X){S'^S) term corresponds to the effective 
wave function renormalization of the X singlet during the inflation driven at a nonzero 
15*1. So, it does not affect much either the inflation dynamics or the X singlet. However, in 
order to maintain the behavior of the chaotic inflation with the non-minimal coupling at a 
large \S\, the (S^S*)^ term must be suppressed compared to the non-minimal coupling term. 
That is, for 7s|5'|^ -C xl'S'P with 7^ being the coefficient of the (S^S)^ term, together with 
the chaotic inflation condition, vIS'P ^ 1, we need - -C 1 5*1^ <^ — . Then, the resultant 
upper bound on the coupling is 7^ ^ X^- For instance, integrating out heavy fields of mass 
M, we would generate 7^ = Csj^, becoming 7^ ~ c^x^ for the heavy field mass saturating 
the unitarity bound as will be discussed in next section. Then, we would need c^ ^ 1 
for the slow-roll infiation. As shown in the appendix B, the smallness of Cg is guaranteed 
when the tree-level coupling of heavy fields to the S singlet is forbidden by a Z2 discrete 
symmetry. Even higher order non-holomorphic interactions for the S singlet generated by 
the heavy fields would be suppressed by the same Z2 symmetry. On the other hand, higher 
order corrections to the holomorphic part of the frame function will not be generated due 
to non-renormalization theorem [7j. 

Now we discuss the effect of the [X'^Xy term on the tachyonic mass problem. Due to 
the correction term in the frame function, for |X| <^ 1 and xl'S'P ^ 1, the Jordan- frame 
scalar potential is modified to 

Vj ^ ]\X\\l + 4j\X\')\S\'-^-^\X\\S' + S^') 

^'fmi^..liS^.Sr',).0{\^lXl'). (26, 

Thus, the higher order correction in the frame function leads to a higher dimensional 
interaction term, iXpIS*!^, which gives rise to an additional effective mass for the X singlet 
during inflation and overcomes the tachyonic instability. Then, the Einstein-frame scalar 
potential is modifled to 



1- ,^„ "^ ^ +47|Xp + - — -2cos2^^i^. (27) 



'p 



4x2cos2(2^)L x\S\^cos2e " ' 3Vcos2^ J x\S\^ 

Therefore, at the minimum with 6' ~ 0, we get the resultant scalar potential in the Einstein 
frame, 



Ve 



rs^ 



lApMl 



4x 



2 



2Ml , |X|2 2\X\ 



(2J 



X\S\^ 'Ml 3x|5|2. 
On the other hand, for |X| <^ Mp, the kinetic terms in the Einstein frame are the same 
as eq. (l22l) . Thus, with (p = ^Mpln(x|5'p/Mp), the Lagrangian density of the singlets is 

2 v6Mp 



lAPM^ 



p 



2<fi/Ve , 2 / _ -2<p/(V6Mp)^ 1-^ 



2g-zwvo^ g^_g 



3 v ' ^ y M|, 



(29) 



4^2 

So, the effective mass of the X singlet becomes 

K'^'^'Ve^xx^ - (^12^e2^/(^*^^) - 2^H\ (30) 



^'x 



Consequently, we find that for Q'je'^'*'^^^^^-^^'^ > 1, the X singlet can have a positive squared 
mass of order the Hubble scale during inflation. Then, the X singlet can be stabilized at 
the origin and the slow- roll inflation is driven by the 5* singlet. 

Using e"^*^'*-^^^^^^ ~ 0.02 for the correct spectral index as will be discussed in next 
section, the tachyon-free condition becomes 7 > 0.003. As shown in the appendix B, when 
heavy flelds are coupled to the X singlet but not to the S singlet, they can be integrated 
out, generating the one- loop correction to the frame function. The resulting one- loop 
effective frame function has no higher order correction for the S singlet but it contains 
the leading higher order term for the X singlet as AQ = —'-/{X'^X)'^ where 7 = Cj^ with 
c = Y^^- Here k is a dimensionless coupling of the X singlet to the heavy fleld. In this 
case, we need c = j^:;^ > 0.003^ for the stable X singlet during inflation. As will be 
discussed in next section, imposing the unitarity bound M ~ Mp/x, the singlet coupling 
is constrained to be \k\ > ^^. 

5 Observational constraints versus unitarity bound 

For the inflation model discussed in the previous section, we consider the observational 
consequences and the unitarity bound on new physics scale. 

First, from the Einstein-frame potential (|29|) at X = 0, the slow-roll parameters are 
determined as follows, 

1 .^y^s 2 A 

(31) 
(32) 

where cpi ^ \/6 (or I^jI ^ -j=) is the scalar vev during inflation. From the number of 
efoldings, N ~ 60, we get the spectral index and the tensor to scalar ratio, 

n, ~ 0.968, r ~ 3.0 X 10^1 (33) 

On the other hand, the density perturbation at horizon exit is given by 



1 dVE , 

2\VeJ 


r~^ 


3 




.4 2<^,/V6 

3 



A^ - ^^ ~ ^!^ (34) 

^n ~ r,A„2nf4^ — '70„2_2- y'^^f 



247r2M| e 727r2x2 ' 
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Thus, from the COBE normahzation, 5h = f^Te = (1-91 ±0.17) ■ 10 ^, we get a constraint 
on the ratio between the dimensionless inflation parameters, 

^ ~ 5 X 10^ (35) 

I A| 

The non-minimal coupling to gravity induces a new effective interaction between the 
graviton and the scalar field. Then, the power counting for the scattering amplitude for 
the scalar field involving the effective interaction gives rise to the unitarity bound on the 
maximum energy scale. In particular, the Hubble scale, which is the inflation energy scale, 
must be much smaller than the unitarity bound such that the semi-classical approximation 
for inflation is justifled. In our case, the non-minimal coupling, F = X'S'^, gives rise to the 
effective interaction term in the Jordan frame, 

C.s^[^S' + h.c)nh^^ (36) 

where h'^ is the trace part of the graviton. Thus, from the power counting on scalar 
scattering JHEIIII], the upper bound allowed by unitarity on the new-physics scale is given 
by A ~ -^-. On the other hand, the Hubble scale during inflation is approximately given 

by iJ ~ — — -. For the semi-classical approximation for the inflation dynamics to be 
justifled |1], we must have if ^ A, resulting in |A| ^ 1. Suppose that |A| = 0.01. Then, 
from eq. ( 135|) . we need to take the non-minimal coupling to be x ~ 5 x 10^. In this case, 
the quantum gravity scale becomes A ~ O.OlAfp ~ 10^^ GeV, being close to the GUT 
scale. 

6 Implications for the Higgs inflation in NMSSM 

The SM Higgs inflation with non-minimal coupling has been recently generalized to the 
supersymmetric case [7J where there are two Higgs doublets required to be present for the 
anomaly cancellations. In the MSSM, the Higgs quartic self-interaction comes from the 
gauge interactions, i.e. the D-term. However, it turns out that the Higgs inflation does 
not work in the MSSMj because the slow-roll conditions are not satisfled along the tan/3 
direction for a nonzero D-term [7]. Therefore, we need an additional quartic self- interaction 
for the Higgs from the F-term. 

The extension of the MSSM with a gauge singlet has been considered for solving the fi 
problem [8]. In the NMSSM, the same term giving rise to the /i term in the superpotential 
leads to an additional quartic self-interaction for the Higgs in the scalar potential. The 
NMSSM extension of the Higgs inflation [7] has been proposed with the following frame 
function and the superpotential, 

O = -S + HlH^ + HlHa + X^X + ^ixH^Hd + h.c), (37) 



^The MSSM inflation with a flat direction such as = LLe or udd can occur at the inflection point, 
which requires a fine-tuning between soft mass parameters for the flat direction }15) . 
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W = ^XXH^H, + ^pX' (38) 

where Hu^Hd are the Higgs doublets, X is the SM singlet and Xj-^jP are dimensionless 
parameters. In this case, the frame function or the Kahler potential in this model has a 
particular Higgs-dependent structure due to the non-minimal coupling so the /i term of 
order the SUSY breaking scale can actually be generated within supergravity [lOj as will be 
discussed later in this section. This model with /3 = | where tan/3 = 7^, i-e. the D-flat 
direction, is similar to our model with two singlets in Jordan frame supergravity proposed 
in this paper. That is, we can identify the inflaton S in our toy model with the Higgs 
doublets satisfying the D-flat condition. In this NMSSM extension, it has been shown [Sj 
that the inflationary trajectory with X = in this model has a tachyonic instability in the 
same way as analyzed in section 3. 

In order to solve the problem with a tachyonic mass of order the Hubble scale, we can 
add the same higher order term, AVt = —'y[X'^X)'^, for the X singlet in the frame function 
f P7|) as in Section 4. In the NMSSM, however, there is an additional tachyonic mass for 



2 _ |Ap|Af 



the X singlet coming from the cubic term in the superpotential [9J: Amj^ 

i^p-ff^. Thus, for Am^ > —H^, from t^ ~ 5 x 10^, we need to choose a very small cubic 

coupling, \p\ < 10~^. Therefore, if 7 ^ 0.003, the higher order term in the frame function 
gives rise to the positive squared mass for the X singlet of order the Hubble scale so the 
singlet cubic coupling in the superpotential tends to be disallowed by the PQ symmetry. 
In this case, since the non-minimal coupling breaks the PQ symmetry explicitly, there is 
no problem with a dangerous PQ axion. If we choose a larger value of the higher order 
term, 7 ^ 0.003, then it is possible to allow for the sizable singlet cubic coupling. 

Now we are in a position to address the question on the fate of the trajectory (3 = ^ 
at the end of inflation. During the inflation, it has been shown [5] that the field /3 rapidly 
approaches ^ and stay there for xio"^ + 6' ^) ^ ^^- Fo^' ^ large non-minimal coupling x and 
a small A, this condition is always satisfied. However, at the end of inflation, the stability 
of the trajectory (3 = j depends on whether g^,g^ > 2A^ or not [9]. If the tachyonic 
instabihty is present at the end of inflation, the tachyonic preheating would lead to large 
fluctuations of the field (3 and spontaneous symmetry breaking. If (7^ ^ (7 ^ ~ | is given 
by the GUT-scale values at the end of inflation and the unitarity bound is satisfied for 
|A| <C 1, we get g^,g'^ ^ 2A^ so there is no tachyonic instability of the (3 field at the end 
of inflation. 

In the NMSSM, A can be small for the Hubble scale (H ~ — —) during inflation to 



X 



be much lower than the unitarity cutoff (A ~ — ^), without having a phenomenologically 
unacceptable light Higgs mass unlike the SM Higgs inflation. Therefore, it will be interest- 
ing to investigate the phenomenological consequences of the reliable Higgs inflation on the 
parameter space in the NMSSM. In order to compare to the low-energy data, we need to 
consider the running of the coupling constants. But, here we make a qualitative discussion 
assuming that the running coupling constants are not so significantly different from the 
ones during inflation. 

If the Higgs doublets are the inflaton, a large non-minimal coupling must be introduced 
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in the frame function, generating the additional contribution to the fi term by supergravity 
effect. That is, the effective /i term is given by the addition of the non-minimal coupling 
and the superpotential term as follows, 

/^ = 1x^3/2 + ^A(X) (39) 

where 171^/2 = \{e^^'^W)\ is the gravitino mass. In order for the /i term to be of the soft 
mass scale for electroweak symmetry breaking, we have to get ^3/2 ~ ^^^^^^^^ and {X) < ^^a^. 
Suppose that A ~ 0.01 and x ~ 10^5 satisfying the constraints coming from the COBE 
normalization (135!) and the unitarity bound on the Hubble scale discussed below Eq. ( 1361) . 
Then, for mgoft ~ 1 TeV, we would need the gravitino mass to be ^3/2 ~ 10 GeV while 
the X singlet VEV is to be {X) < 100 TeV. In order to get such a small gravitino mass, 
gauge mediation must be dominant over gravity mediation. In this case, when i?-parity 
is conserved, the gravitino is LSP and can be either a non-thermal dark matter with 
neutralino NLSP |16] or a thermal dark matter for the reheating temperature Tr ~ lO'^GeV 

Here a comment on the Higgs physics is in order. Since the A coupling is so small, 
the tree-level contribution to the Higgs mass coming from A is suppressed. Furthermore, 
the mixing between the singlet and the neutral component of the MSSM Higgs doublets is 
small so the lightest neutral Higgs in this NMSSM should be of the MSSM type. 



7 Conclusion 

We have reconsidered the inflationary model with a large non-minimal coupling in super- 
gravity and have shown that for the minimal Jordan frame function, the non-infiaton field 
gets a tachyonic mass of order the Hubble scale during inflation, developing the instability 
of the slow-roll inflation. We have shown that the tachyonic mass problem can be solved 
by introducing a higher order correction in the frame function. The necessary correction 
can be obtained after the heavy fields coupled only to the non-inflaton field are integrated 
out. 

This result sheds light on the Higgs inflation in the NMSSM as the same tachyonic mass 
problem of the singlet is solved by a similar higher order correction in the frame function. 
Moreover, when the singlet coupling to the Higgs doublets in the NMSSM is made small, the 
Higgs inflation is a viable possibility within the semi-classical approximation in the effective 
theory even with a large non-minimal coupling. Thus, combining both the observational 
constraints on the inflation with the unitarity bound on the new physics, we found some 
interesting consequences on the NMSSM phenomenology. First, the large non-minimal 
coupling generates the n term which is much larger than gravitino mass. Thus, gravitino 
becomes a dark matter candidate. In this case, one has to explain how the soft mass 
parameters of order the fi term can be much larger than gravitino mass for electroweak 
symmetry breaking. When gauge mediation is dominant over gravity mediation, it is 
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possible to have m3/2 ^ ^soft- Second, due to a necessary small singlet coupling to the 
Higgs doublets, the NMSSM Higgs looks more like the MSSM Higgs. 

In order to make sure of the naturalness of the Higgs inflation with a large non-minimal 
coupling in supergravity, one should also take into account the loop corrections of the 
inflaton potential due to the spontaneous SUSY breaking during inflation. We leave this 
important question in a future work. 
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Appendix A: The Kahler metric 

The Kahler metric Kf. = didiK (0^ = S, X) for K = -^ ln(l - k{S, X, S^ , X^)) is given 



by 



K 



«j 



[i-ky 



[l-k)kss+\ks\' (1 

[1 - k)ksx + kskx (1 



k)kxx + \kx\'^ 



(A.i: 



On the other hand, the first derivative of the Kahler metric is Ki = jz^- 



The inverse Kahler metric is given by 



K 



V 



1-kf f (1- k)kxx + \k 



3D 



x\ 



k)k 



sx 



kqk 



si^x 



-{1 - k)ksx + kskx (l - k)kss + \ks\ 



with 



D = [{1- k)kss + \ks\''][il - k)kxx + \kx\^] " 1(1 " k)ksx + kskx?. 

For A; = \\S\^ + \{l--i\X\^)\X\^-\{xS'^ + h..c.) used in the text, we get kgx - ^sx 
In this case, the Kahler metric and the inverse Kahler metric are given as follows 



ki 



(A.2) 

(A.3) 
0. 



A.j = 


{i-kY 


J{i] - 


{i-kf 
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with 
(1- 


-^f-n 



I - k + \\S^ - 3xS\' 



iX(l-27|Xp)(5t_3^5) 



iXt(l - 27|X|2)(5 - Sxt^t) (1 -k){l- 47|X|2) + \\X\\l - 2^\X\^f 



(l-A;)(l-47|X|2) + i|Xp(l-27|X| 
-iX(l-27|X|2)(5t_3^5) 



l-A;)[(l-47|Xp)(l-A; + i|5t_3^5|2 



2n2 



(A.4) 
-|Xt(l-27|X|2)(5-3xt5t) 

(A.5) 



The first derivatives of the Kahler metric are given by 

S^-^xS ,^ Xt(l-27|Xn 



\x\Hi 



27|X| 



2\2 



K, 



k 



Kx 
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l-k 



. (A.6) 



(A.7) 



Appendix B: One- loop frame function due to massive 
fields 

We consider the one-loop Kahler correction coming from heavy fields coupled to the X 
singlet. We take a toy model providing the necessary higher order corrections to solve the 
tachyonic mass problem in Jordan frame supergravity. 

We introduce two heavy chiral superfields, $i and $2, which have U(1)g charges, 
G'I'I'i] = +1 and G[$2] = ~1- We impose a Z2 symmetry to forbid the unwanted coupling 
to the S singlet as follows, 

Z2 : $1 ^ -$1, $2 ^ -$2, S ^ S, X ^X. (B.l) 

Then, the additional superpotential for the heavy fields is given by 

W = -kX(I>1 + M<l>i<l>2. (B.2) 

We assume that the additional heavy fields have canonical kinetic terms in the Jordan 
frame, i.e. 

nt,ee = fio + $I$1 + $^<^2 (B.3) 

where Qq is the frame function given in Eq. ([7]). 

The general formula for the one-loop correction to the frame function in dimensional 
regularization(DR) |18j is 

where d = 4 — e, /i is the renormalization scale in DR, mB,i,mF,i,'fnv,i are masses of real 
scalars, Weyl fermions and gauge bosons in the Jordan frame. Here ^j are the non-minimal 
couplings of real scalars from C = —^—g\ JZi^i^l^- We note that if the tree-level frame 
function does not contain a holomorphic non-minimal coupling, its expansion should give 
rise to ^l^i as the only leading term in the Kahler potential so scalar fields have a conformal 
coupling in the Jordan frame [T8] . 

In our case, since heavy scalar fields are conformally coupled to gravity with ^1 = ^^2 = I, 
they do not contribute to the one-loop effective frame function. So, the one-loop frame 
function is given by the fermionic contribution only as follows, 

i=l,2 ^ 

Since we are interested in the loop corrections to the X singlet potential, we take ($1) = 
($2) = 0. So, from the superpotential (]B.2p . $1, $2 have no mixing with the X singlet so 



they are decoupled. But, the eigenvalue masses of fermionic partners of $1, $2 depend on 

the VEV of the X singlet and they are given by 

/I \ IkJ^P 

Ml,^2 = M^(l + a±-V2^T^y a^h^- (B.6) 
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Therefore, after subtracting the divergences in DR, we obtain the renormahzed one-loop 
frame function as 



AQ 



' ^-^K^)-{->a-}l-l^-^]- (B.^) 



327r2 



The first term corresponds to the renormahzation of the Newton constant and the second 
term is the wave function renormahzation of the X singlet while the last term is the higher 
order interaction term. 
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